Reactive oxygen species (ROS) have been implicated in the pathogenesis of many clinical disorders such as adult respiratory distress syndrome, ischemia-reperfusion injury, atherosclerosis, neurodegenerative diseases, and cancer. Genetically engineered animal models have been used as a tool for understanding the function of various antioxidant enzymes in cellular defense mechanisms against various types of oxidant tissue injury. Transgenic mice overexpressing three isoforms of superoxide dismutase, catalase, and the cellular glutathione peroxidase (GSHPx-1) in various tissues show an increased tolerance to ischemia-reperfusion heart and brain injury, hyperoxia, cold-induced brain edema, adriamycin, and paraquat toxicity. These results have provided for the first time direct evidence demonstrating the importance of each of these antioxidant enzymes in protecting the animals against the injury resulting from these insults, as well as the effect of an enhanced level of antioxidant in ameliorating the oxidant tissue injury. To evaluate further the nature of these enzymes in antioxidant defense, gene knockout mice deficient in copper-zinc superoxide dismutase (CuZnSOD) and GSHPx-1 have also been generated in our laboratory. These mice developed normally and showed no marked pathologic changes under normal physiologic conditions. In addition, a deficiency in these genes had no effects on animal survival under hyperoxia. However, these knockout mice exhibited a pronounced susceptibility to paraquat toxicity and myocardial ischemia-reperfusion injury. Furthermore, female mice lacking CuZnSOD also displayed a marked increase in postimplantation embryonic lethality. These animals should provide a useful model for uncovering the identity of ROS that participate in the pathogenesis of various clinical disorders and for defining the role of each antioxidant enzyme in cellular defense against oxidant-mediated tissue injury. - 
Forman and Fisher (2) ]. The (4, 5) . In addition, a form of extracellular SOD is present in the intravascular and extracellular fluids such as plasma, lymph, and synovial fluid (6) (7) (8) . Although the protective role of each SOD isozyme has been postulated according to its cellular site of expression, direct evidence demonstrating their role in vivo in antioxidant defense mechanism is very limited. The enzyme GSHPx, which contains selenium at the active site, involves the same complication. GSHPx is believed to play an important role in cellular antioxidant defense by reducing H202 and various hydroperoxides using glutathione (GSH) as a reducing agent to form water and corresponding alcohols, respectively (H202 + 2GSH -2H2O + GSSG or ROOH + 2GSH --ROH + GSSG + H20). There are at least four isoforms of GSHPx found in mammals. The major cellular GSHPx (GSHPx-1) is expressed in all tissues and contributes to most of the GSHPx activity present in erythrocytes, kidney, and liver (9) . The plasma GSHPx is detected in milk, plasma (0.149 U/ml plasma), and lung alveolar fluid (3.6 mU/ml of 25-fold concentrated lavage fluid) of humans (10, 11) . The phospholipid-hydroperoxide GSHPx, which is capable of reducing hydroperoxides of phospholipids and cholesterol, is found mainly in the testis (12) (13) (14) . The recently reported gastrointestinal tract GSHPx is expressed predominantly in liver, intestine, and colon (15, 16) . Although the physiologic relevance of GSHPx has been implicated from the studies performed on animals fed a selenium-deficient diet (17) , due to the effect of selenium deficiency on other selenium-containing proteins such as thioredoxin reductase (18) Table 1 .
Copper-Zinc Superoxide Dismutase. Lines of CuZnSOD transgenic mice were initially generated by Epstein and colleagues using a piece of 14.5-kb genomic fragment containing the entire human CuZnSOD gene (19) . Overexpression of CuZnSOD activity to various levels has been found in several major organs including the brain, heart, lung, and liver. The enhanced CuZnSOD activity protects animals against tissue injury induced by a variety of pathogenic conditions that include coldinduced brain edema and infarction (20) , focal cerebral ischemic injury (21) , neurotoxicity of N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (22) , hyperoxic lung injury (23), alloxan-or streptozotocininduced diabetes (24) , and myocardial ischemia-reperfusion injury (25) . These data clearly indicate the role of superoxide anion radicals, which are generated in or diffused to the cytosolic compartment under these pathogenic conditions, in causing cell and tissue injury, and the effect of the enhanced CuZnSOD activity in cellular protection.
However, in other studies the overexpressed CuZnSOD caused certain pathologic changes and exacerbated oxidant-mediated tissue injury. Mice with elevated CuZnSOD activity exhibit abnormal neuromuscular junction in their tongues (26) , impairment of muscle function (27) , thymus and bone marrow abnormalities (28), a decreased serotonin uptake by platelets (29) , and a retarded rate in secretion of prostaglandin by kidney and cerebellum (30) . In addition, these mice are also more susceptible to kainic acid-induced excitotoxicity in neurons than control mice (31) . It is not clear whether the detrimental effect of CuZnSOD overexpression is a result of the associated free radical-generating activity of this enzyme or of its capability in enhancing nitration of tyrosine by peroxynitrite (32, 33) .
Manganese Superoxide Dismutase. We have generated transgenic mice using a human MnSOD expression construct (34, 35 (40, 41) .
Catalase. Transgenic mice carrying a rat catalase transgene driven by the 5' flanking sequence and promoter of the mouse a-myosin heavy chain gene have also been established (42) . As expected, the regulatory sequence of ax-myosin heavy chain gene specifically directs expression of the transgene in the heart. Further studies have shown that the increased catalase activity attenuates adriamycin-induced cardiotoxicity in these animals.
Celular Glutathione Peroxidase. We have also generated transgenic mice using the entire mouse GSHPx-1 gene contained in a piece of 5.3-kb genomic fragment (43) . Overexpression of GSHPx-1 was found in the brain, heart, lung, and musde but not in liver and kidney, where a high level of expression of the endogenous GSHPx-1 enzyme is evident. Although GSHPx-1 transgenic mice show no increased tolerance to hyperoxic exposure (43), they are more tolerant to ischemia-reperfusion heart injury (44), H202-induced DNA strand breakage in lens epithelial cells (45) , and paraquat toxicity (46) . In addition to our studies, Mirochnitchenko et al. (47) have also generated transgenic mice carrying a GSHPx-1 transgene driven by the promoter of the mouse hydroxy-methylglutarylcoenzyme A reductase gene. Increases in GSHPx activity of 4-fold and 1-fold were found in the brain and skin of transgenic mice, respectively. Interestingly, these transgenic mice exhibit an increased susceptibility to hyperthermia and skin carcinogenesis induced by 7,12-dimethylbenz[a]anthracene and phorbol ester (47, 48) . However, recent results have shown that these mice are more resistant to focal cerebral ischemiareperfusion injury (49) .
Conclusions and Perspectives. Our results and those of others have shown that the enhanced expression of antioxidant enzymes can protect animals against a variety of tissue injury resulting from different oxidant insults. These data have not only confirmed the physiologic function of antioxidant enzymes in defending cells and tissues against oxidant injury but have also suggested the identity of the injurious ROS in each of the pathogenic conditions. For example, mouse hearts overexpressing either one of the SOD isozymes or GSHPx-1 are more tolerant to ischemia-reperfusion injury than those of controls (25, 37, 41, 44) . These data clearly indicate that the endogenous level of the corresponding antioxidant enzyme is not adequate to detoxify the increased level of ROS that are generated during the reperfusion period, and that myocardial injury is mediated by superoxide anion radicals, H202, and/or fatty acid hydroperoxides.
The pathologic changes found in CuZnSOD overexpressing mice reported by Groner and colleagues (26) (27) (28) (29) (30) (31) are also informative with respect to the functional role of this enzyme. Their studies have shown that overexpression of CuZnSOD results in a chronic oxidative stress (27, 31) . The detrimental effect of CuZnSOD may be derived from its activity in generating hydroxyl radicals using H202 as a substrate (32) . This understanding may provide a potential explanation for the pathologic changes observed in patients with Down syndrome, in whom the extra copy of chromosome 21 gives rise to a 50% increase of CuZnSOD activity. Furthermore, these results may exclude the use of CuZnSOD in antioxidant therapy for treatment of oxidant-mediated disorders.
In other cases, overexpression of a single antioxidant enzyme may not be protective in the animals. As mentioned previously, the MnSOD transgenic mice generated in our laboratory show no significant increase in tolerance to hyperoxia (35) . However, the transgenic mice created by Wispe and colleagues (38) Figure 1B . In addition to the 16.5-kb wild-type and Environmental Health Perspectives * Vol 106, Supplement 5 * October 1998 12.5-kb targeted genomic fragments, the 5' external probe containing exon 1 sequence also hybridized with a PstI fragment of 6.6 kb. This is believed to represent crosshybridization between the probe and the mouse Sod] pseudogene(s) (54) .
Expression study was then performed to determine the effect of gene disruption on CuZnSOD expression. As expected, an approximate 40 to 60% reduction of CuZnSOD mRNA was found in tissues of Sod1+-mice compared with that found in tissues of wild-type (Sodl+l+) mice ( Figure   1C ); virtually no CuZnSOD mRNA could be detected in Sodl-l-mouse tissues. Reduction of CuZnSOD activity in tissues of SodJI~and SodI--mice was also confirmed by enzyme activity assay ( Table 1) . The very low level of CuZnSOD activity in the lung samples of Sod] --mice presumably represents the activity of ECSOD, as expression of this SOD isoform is relatively high in the lung compared with that in other tissues (55) . A decrease in CuZnSOD activity apparently had no effect on the expression of other cellular antioxidant enzymes, including MnSOD (Table 2) 2 were not pregnant. A total of 91 embryos were found to be carried by these female mice. However, 75 embryos in various sizes were dead and in the process of being resorbed. Compared to the normal 12.5-day embryos ( Figure 3A) , most of the dead and resorbed embryos were loosely attached to the wall of uterine horns without a developed placenta or yolk sac ( Figure  3B ). In control experiments, 14 of 15 female Sod+l-mice were pregnant from breeding with Sod1l-males. A total of 122 implanted embryos were found, and only 9 of these were dead. Although the mean number of successfully implanted embryos
in Sod]-1-females (6.3 ± 4.4), including both the live and dead ones, was less than that in Sod+l-females (8.2 ± 3.0), the difference was not statistically significant (p= 0.2). These results indicated that the efficiency of embryo implantation in the former mice was equivalent to that in the latter mice. However, the rate of postimplantation embryonic death that occurred in SodPl-females was significantly higher than that in Sod+l-females (83 ± 23% vs 7.0 ± 7.0%, respectively; p< 0.000 1).
During the course of our study on the CuZnSOD-deficient mice, generation and characterization of a line of mice lacking the entire Sod] locus were reported by Reaume (1), and the rate of radical production is further enhanced in mitochondria of hyperoxic lungs (59, 60) . Therefore, MnSOD may play a more critical role than CuZnSOD in antioxidant defense mechanism(s) under normal physiologic conditions and in defending against lung injury resulting from hyperoxic insults. This notion is supported by the recent findings that mice lacking MnSOD die at very young ages (61, 62) . However, CuZnSOD is essential for animals to survive a lethal exposure to paraquat, a bipyridyl herbicide capable of generating oxygen radicals through the redox cycling mechanism. This reaction is believed to be catalyzed by the enzyme NADPH-dependent cytochrome P450 reductase, primarily located in the endoplasmic reticulum. Our data suggest that both the cytosolic and microsomal enzymes may be the primary targets of superoxide anion radicals generated during paraquat toxicity. This conclusion is in agreement with the earlier study reported by Phillips and colleagues that Drosophila lacking CuZnSOD are hypersensitive to paraquat (63). The most intriguing observation in this study is the reduced fertility of female mice lacking this enzyme. Apparently, this defect is associated with CuZnSOD deficiency in the female mice and is unrelated to the genotypes of the fetuses. Interestingly, male CuZnSOD-deficient Drosophila are sterile and females show markedly reduced fertility (63 Figure 4A , the coding region of exon 2 of the mouse Gpxl gene was disrupted by insertion of a neomycin resistance cassette (64) . The HindIII-linearized targeting vector was then transfected into RI ES by electroporation. The homologous recombinant ES clones, which were identified by Southern blot analysis using a 3' external probe ( Figure 4A , probe 1), were used to generate chimeric mice. The heterozygous mice that descended from the chimeric mice were used in breeding to generate homozygous GSHPx-1 knockout (Gpx]-) mice. An example of Southern blot analysis is shown in Figure 4B .
However, for unknown reasons, the 3' external probe tended to generate a high hybridization background on the blot filter carrying mouse tail DNA, contributing to difficulties in genotyping of mouse progeny. The DNA fragment containing exon 2 and the adjacent 3' sequence ( Figure 4A, Approximately 25% of the offspring from heterozygous breeding were homozygous for the mutated Gpxl allele, indicating there was no reduction in viability of GSHPx-1-deficient mice.
The effect of gene disruption on GSHPx-1 expression was initially examined by RNA blot analysis. A 50% reduction of GSHPx-1 mRNA level was found in brain, heart, kidney, liver, and lung of heterozygous knockout (Gpx+l-) mice compared with those of wild-type (Gpxl+J+) littermates. Furthermore, no GSHPx-1 mRNA was found in these tissues of homozygous knockout mice. Interestingly, two additional species of hybridizing RNA of 1.5 kb and 1.9 kb became visible in liver and kidney samples of homozygous knockout mice after a longer exposure of the autoradiograph (Figure 4C, arrowheads) . They presumably represent the aberrant forms of fusion transcript between the mouse Gpxl gene and the neomycin resistance gene.
The tissue activity of GSHPx in these mice also reflected the Gpxl genotypes ( (68) . In addition, the lens epithelial cells of Gpx-l-mice were also more susceptible to H202-induced DNA stand breakage (45) .
The physiologic relevance of GSHPx has previously been implicated from studies on animals fed with a seleniumdeficient diet. Selenium deficiency results in a variety of pathologic changes that include cardiomyopathy, nutritional muscular dystrophy, liver necrosis, certain types of cancers, and female infertility [for reviews see Burk and Hill (17) 
